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FOREWORD

"Collision Frequencies and Energy Transfer Ions" is the

second of a series of t-o papers dealing with the general subject of

elastic collision processes and energy transfer applied to the co-

stituents of the upper atmosphere. This series will be published in

Planetary and Space Science during 1966.

AVANT-PROPOS

"Collision Frequencies and Energy Transfer : Ions" est le

seccnd de deux travaux dont le sujet gdnral est l'dtude des processus

de collision 4lastique et de tr~nsfert d'dnergie appliqu~s aJx con-

stituants de latvmosph4re supfriaure. Les rdsultats de ces recher-

ches seront publics en 1966 dans la revue Planetary and Space Science.

VOORWOORD

"Collision Frequencies and Energy Transfer : Ions" ls het

tweeds in seon reeks van twos werken die handalen over bet algemeen

onderwerp . prooessen van elastische boteing en energie-overdracht,

toegepast op de bestanddelen van do hogere atmosfeer. Doze reaks zal

geInoliceerd worde 'n Planetary and Space S ace in de loop van 1966.

VORWORT

"Collision Frequencies and Energy Transfer Ions" ist die

zwette Arbeit einer Seoie von -wei Abhandlungen, die sich auf des go-

neral Poblem der elastischen Stossprozeuse und der EnorgieUbertragung

in der htheren Atmosphurs beisiht. Diose Arbeit vird in laufenden 1966

in Planetary and Space Sci:rnce herausgegeben warden.



COLLISION FRE4.LMCIES AND ENERGY TRANSFER IONS

by

Peter BANKS

Abstr

An investigation has been made of ion collision frecuen-
cies and energy transfer for conditicns of gaseous thermal nonequi-
librium. Following the methods of a development deoted to electron
collisions, the problems of ion-neutral and ion-ion alastic colli-
siens have been coa~idered under the assumption of separate Maxw*1-
lian velocity distributions. Expressions for the ,cq~i!!brium no-
mentum transfer zross sections, collision frequencios, and energy
transfer rates are given for neutral gases on the basis of a polari-
zation potential and for ions on the basis of the Coulomb interaction.
Next, the problem of ion-neutral resonance charge *=hang* e intro-
duced in its effect upon collision cross sectionr and ion energy
transfer rates. An analysis is made of gathavod laboratory data
to arrive at suitable expressions for the ps nano. Tha

;9 c , c:ae exchan.and moeientum transfer cross sections for Md OW e~i'j~n
Using these results, resonance charge exchange and Wenttum tranzsfer
collision frequencies are derived. The resonance ion-neutral energy
transfer rates are then presented and compared with expressions used
in previous studies of ion temperatures.

Nous dtudions lee friquencas do collision at le transfert d'6ner -

gie des ions dane des conditions do gaz en non-Aquilibre theruiquo. Sui-
vant les nithodes d' .ne racherche consacr~e aux collisions des 4lectrons,
nous considdrons lea problbmes des collisions elastiques iot.-particule
neutre et ion-ion, sous l'hypothlse d. distributions do vitesses maxwellien-
nes diffirentes. Les )xpreaoiorks des sections efficaces do transfort da
soment en non-dquilibre, lea frdquencea de collisioas et ls taux do trans-
fort dnergie sount donnds pour lee gaz neutraersr le baae d'un potential
depolarization et pour les ions sur la base d'uno interactiou coulombianne.
Ensuite, nouns considirons I problbme de l'*change docheu pntx ion et particule
neutre, du point de vie do sea effets sur lea sections etficaces do colli-
sion at sur lea taux de transfert d'6d.'ie. Nous analysons ansuite des
don6es do lc'boratoira pour en tire de expressions approprides pour les
sections efficaces d'dchange da ch'ge par rdsonanoe et do transfert d'Aner-
4i. pour H+ , 0+, He+, N2  at' O0 + a fr6quinces de collision pour V6chan-

2 2
ge de charge par iesonance at pour le transfert do moment sont d6duits do ces
rdsultats. Nous pr6sentons alors lea taux do t-nsfert d'6nergie par e6ao-
natce ion-particule neutre et uous lea comparons avec ees expressions utilis6es
danAKla Atudes antdrioeres portaat' sur lee-'qrature., ioeiqmts.
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Samenvattizig

In deze tekst vorden de botaingsfrekwetiis exi de eneirgie-
ov,--rdracht bestudeard voor ionan van gassen welke niet in thermisch
*vonwicht xijn. Do elaotische botsingen tusseni ionen en neutrale deeitjes
evenal. tuesen lonen onderling worden bestudeerd volgens de nethode welke
ueengezot word voor de botaingen die de electronen ondergaan in de on-

derstelling van eon verschillende maxvelliaanse sneiheideverdeling. Er
wor4.= uitdrukkingen gogeven voor de werkmaae docronede voor de over-
dracht van hotveheid van beveging ingeval de gassen niet in thermisch
evenvicht zijn, ovenals voor de botsingsfrckWentie en de lmate van energie-
overdracht door do Lonen. Er wordt een studie gemaakt der gegevens die
in verachoidene laboratoria gevonden werden ten einde geschikte uitdruk-
kingei te bakcumwn vnor A-- ladingsuitwisseling bij resonantie en de
workz~mm doorenoden voor de overdracht van hoeveelheid van beveging in-
goval van 1II +, ej *+ N + an 0 +. Gebruik makende van daze resultaten
word do ladingsuitwisseling en gotsingsfrekwentie voor de overdr.-;ht
van hoeveelheid van boeging. bepaald. De.:-acte van energieoverdracht
bij Iadingauitwisseliag in resonantietoestaid tussen ionen en neutrale
deeltjea wordt dan berekend en vergeleken mct de uitdrukkingsn gebruikt
in vroegere studies betref fend. lonentomperaturen.

Zusammenfa~ sung

gins Abhand iung der lanenzusawenstoss frequenz und det. giiertje-
aborU'ragung fffr nicht thermiachow. Equilibrium vird auageft~hrt.. Nach P-Iner
)4.thode. die ffur Slaktrorxen entwickbit vurde, wird das Problea der Zusine-
uensttisaa zwtachan Ionen. und tngeladenen Toilchoen n'.ie zvischen lonert i
Fal. verachiodonen Maxwell - Verteilungafunktioner. analpiierL. Aus-
dr!kk fttr Momentuustrtuquarachnitten, Zusanminatossftequenien und
RnrgitbmiragungukoYifizionten vorden wit Hilfe einer Polarisatious-
potentiales fltr ungeladenon Teilchmi und mit Hlte etner Coulomb-Inter-
aktion gogeben.. Darin botrachten wic das Problen der Resonanrum-
ladung -xvischan loriat und ungoladerarx Tptlchen hinvichts des Elnitusses
au.f die o.truquerachnitte iind &uf die Kergitebrtragurignkoeffizienter.
Die Xxperiwntsletjtebniass warden anal, -ilort, urn Ausdrttcks der Umiladungs-
querschnitte und der XnergioffbrtregtugekoofiziLe~teni Wr W 0+, H~e+, N9
und 0 +zu arrelchen, faraus folgen Ausdrlicke der Zuaamnstosfrepei!tv
ftfr UAladung und &omentumfbartragung. Endlich werden die Epergietfher-
Lragungkoffizientan ftrr lonen undi ungeladenen Teilchen vorgestolit und
mann vergleicht diesa Ausdrtfcke sit anderen Formeln, die im Pro~lee der
lonenteuaperatur g4brauc-ht wurden.
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I.- INTRODUCTION

In order to discuss the theiual budget between electrons

and ions and nautral gas particles in the ionosphere it is necessary

to know all of the energy exchange rates between the different

constituents, taking into account their specific temperature de-

pendences under conditions of thermal nonequilibrium. The problem

of energy transfer from an electron gas with a Maxwellian velocity

distribution as a result of elastic collisions has been discussed

in a previous paper (Banks, 1966) using an equation which is of ge-

neral applicability to problems of elastic energy transfer. In this paper

the study of energy ttansfer is continued with emphasis being placed

upon the atmospheric ions. Thus, in Section II we enter into a dis-

cussion of the collision frequen) and energy transfer equations which

are valid for elastic ion-neutral and ion-ion energy transfer.

In contrast to the electron gas problem, there exi*r-a for

ions a second method of energy loss by means or resonance charge

exchange which, while iundamentally elastic in nature, cannot be

described by the equation of cl1isional energy transfer. The problem

of resonance charge exchange between ions and their pisrent neutral

gas is discussed in Section III with respect to both colliAon fre-

quencies and ion energy processes, Following in analysis of labo-

ratory and theoretical cross section data numerical results for the

resonance ion-neutral energy transfer rates are obtained and compared

with exprtssions which have been used in different theoretical analyses

of ion tvmperarures.

- -
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II.- NONRESONANT ION COLLISIONS

The equations describing collisional energy transfer have

been discussed previously (Banks, 1966) for the example of two gases

with Maxwellian velocity distributions characterized by the tempera-

tures T and T and particle masses m and m2. The energy transfer

rate, dUl /dt, from the first gas is given by

dU 1 m 12_
S23n 2 (kT1 - kT2) V12 (1)

dt (m1  )

where n1 is the first gas number density, k ia Boltzmann's constant,

and v12 is the average collision frequency of a single particle of

the first type in the second gas. Since the density, masses and

temperatures are independent of the interaction forces between the

different particles it is seen that it is the collision frequency

which must be determined in order for the energy transfer rate between

arbitrary types of gases to be known. The result is (see Banks, 1966)

S-Q (2) 1
12 3 2 n " 1 m2 D

where n2 io the second gas numbeL density d QD is the average momentum

transfer cross section, given in terms of the velocity dependent momentum

transier cross section, q and the interparticle relative velocity, g,as

3 5 2
Q D 3J g q D exp (-Kg 2 ) dg (3)

r 2kT1  2kT2 -1

1 
- U 2 |
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With equations (1), (2), and (3) it is possible to derive

accurate expressions for both energy transfer rates and colliEion

frequencies for gases of arbitrary temperature and particle mass once

the velocity dependent momentum transfer cross section is known. Thus,

the problem of ion elastic energy loss revolves, essentially, about the

choice of proper cross sections needed to describe the interaction be-

tween the ion gas and the gas with which it is mixed. in the following

analysis we will be concerned with two particular situations which ale

of some practical importance. The first involves the derivation of

energy transfer rates and collision frequencies for ion-neutral gas

mixtures under conditions where there are only elastic collisions.

Next, we consider the problem of ion-fon gas mixtures when each ion

species has its own separate Maxwellian velocity distribution.

1. Ion-Neutral Collisions

At low temperatures the most impcrtant ion-teutral inter-

action arises from an iaduced dipole attraction which has a poten-

2 4
tial y - - /2r4 . Here, a is the neutral atom polarizability, e

is the electric charge, and r iii the radial separation. This poten-

tial corresponds to the force law acting between MWxwellian molecules

and the details of the transport coefricients under conditions of ther-

mal equilibrium are well knoun. In particular, it is found the collision

cross sectio is proportional to T and that the collision frequency is

independent oi the temperature.

For temperatures greater than 3000 K, the induced dipole force

of attraction is countered by a short range quantum mechanical repul-

sion. For sufficiently high temperatures, the polarization contribution

is negligible and the collision cross section becomes nearly constant,

1/2
yielding a collision frequency which varies as T . Unlik-, the polari-

zation force, which is independent of the chemical nature of a given

ion and depends only upon the atomic polarizability of the neutral gas,
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the uature of the repulsive force is linked directly to the details

of the ion and neutral orbital electron structure. Thus, variations

in cross s2ction are to be expected for different ions in che same

neutral gis at elevated temperatures.

Because there exist virtually no data for either collisic.

irreqncies or cross sections at high teperatures, the study ot ion-

neutral -Ilisions must be based upon the assumption: that the pola-

.:iza ton f rce is of dominating importance. A detailed evaluation cf

the ion-neutral interaction potential has been made by Dalgaimo et a.

(1958) who terminaied the polarization potential a! a --mall atmic

radius and ddded an elastic sphere repulsive potential to simulate

the quantum repulsion effets. This theoretical cross section was

then compared with reported m~asurements of ionic mobilities. For

equal ion and neutral temperatures below 300°K the theoratical

results appear to be accurate. Above 3000K, the detailed variation

of the momentum transfer cross section depends upon the specific

ion and neutral gas.

With there being o-nly a few experimental data for tezpera-

tures above 5000K, it is necessary to accept the collision equati.n-

developed for the polarization force alone as representing the true

interaction over the entire range of ion and neutral temperatures

discussed here. Accordingly, we take the ion-neutral velocity de-

pendent momentum transfer cross section for singly charged ions to be,

following Dalgarnu, et al. (1958),

- 2) 1/2De 2

where a is the neutral gas atomic polarizability, p is the ion-neutral

reduced mass, e ir the electron charge, and g is the ion-neutral par-

ticle relative velocity.



7.-

Using equation (3) the average mometum transfer cross section
for ion-neutral collisions becomes

3-1r 2 4,&__/2 k f -1/21

3 112  -
QD T  -i-16 13 a u m

__ ___i n

or, mnuerically,

- !3.T ._ " --1/(

where A. and a are the particle masses in. atomic sass units :a.a.u.),
n j

Pis the reduced sass in .m.u., = is the atoic polarizability in
4-243 3

'mitsof 10 c- , and the subscripts apply to ions and neutrals,

respectively.

For cAa ditios of equal ieperatures the mass factots of

equaticn(6icancel and we have

3Yf 2 " 4.88ae
2  1/2

QDi T T ) 6 (7)
n

which agrees with the value used by Dalgarno, et al. (1958) in their

calculations of ion uobility. I

Using equations (5) and (2) the average ion-neucial collision

frequency for energy transfer is obtained as

2 1/2
/ e 9

"in 2.2 1 nn-

or,

2 a 1/2
vi 2.6 x 0 n Ai sec (9)
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independent of eitber gas temparaturs. Actually, as s by orse (1963),

altboagh we have derived the present expression for the avsrage m

transfer cross section on the basis af separate W -Pllisn velocity

distributions, for the case of IN1allin molecilas the cross section,

collision fequmiy, and asezry tramsfer -*te are independent of zhe

actual velocity discribtion used.

Table 3-7, taken from Bated V-964) and DtIznrzo(961a),

Sive. values of the stowic polarizability for the at-m-pheric gases.-

Table I ftlarizabilities of NUucral Cases

-24
Neural gas e(0 CE)

0 0

72 h1.76

02 1.98

R2 0.81

0 0.77

H 0.67

Be C.21

R 1.13

Equation .8) can be ctaaed with an io,-neutral collisc.

freq )" which follows fro tht vork of Casn and C sling (1952).

In the diffustLM of ions across a manatic field, a collision iter-

val v appoars vhi-h caa be used t defne a collision frequency v

by the ralatioc v - I/-. The value cf - it related to the iom-

nentral difusion coefficient which, in turn, can be calculated

directly for the polarizatiza potential. This procezA yields an

io-nsetral collisic m freqey, using the cross secttion cf Dlgaro.

t al. (1958), given by

- 2. 2 1% ( e1) (10)
in



rv _erre is ~ ei iz_ a--- is --e =m-a zas == .er density.
COO.ari-_'is res-zit Vi:z - : C-15) fr --be e~e-r'- transfer CC1111-

SIcc fencit i is sem t at e -zalit.-. follvs c=ly if n.,

_'Cr cth er 4e~sitv Cit-Ims. -z ;arvti-Cudaz where* 2 << z tvw

ccllis±ifr.ce are --ot the siae. ~Balarno (l9Ib) b&S give--

im-eutral~ calU'liz. fremnies hesd =FM eq atloci (7-) mdr t-he

eqrti~a(8), ~erate of ±i erry transfer in a mentrcl gas

is oud foaeq-matc (1.) to be

2 lPV

or,

-=- .8 x 0 n.n o~- (T-T ev cm- sec--
dt.a l(A +1 i nL

Appropriate valu"~ for the zeutral gas polarizabili ties

are given in Table I and I-ave bSeen used to obtal the energy transfer

rates listed in Table 2. As a consequenca of the particular force

1zw for i-etral collisions, Lhe enerly transfer rates depend

omly -zzpw~ t!nt difference im ion acd neutral gaz tempratures. inI
general there 4-3 a variationi by a factor of 3.6 betm~en the different
lass rates considered. P'nrther, except for the. collisionis + -FeadR-H

the diffllerezces in the rates are detersiaed prisarily by the -varying

mass factors rather than tha changes in atoW polarizability.
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It is also noted that these ion energy loss rates are consideratbly

larger than t-os found (see Banks, 1966) for elastic electron-neutral

c1alisicns. As an ex le we my coasider the 0+ - N2 rate as, omit--214 c3- -

tn co density and toperature factors, 6.6 x 10 1 -v ca * l sec - I ,

i* the 4-J1 ata is, at T - l00.1* only 1.55 x 10 ev CA -K3 -

This difference of a factor of 430 arises from the enhanced ion-

I nntrl cros section and advimtagec-s muss factors in equation (1).

atigated. of ourse, by the much wre rapid average electron velo-

I city.

Table 2 Elastic Ion-Neutral Energy Transfer tates

Collision Pair -wi /dt (av cz sec )

( T, -T)

0+ 1 6.6 x 10-14

O0- 02 6.5 x 10- 14

10 14

+ 1
R - 0 3.5 x 1014

+ 3.1 x 10

Re 5.5 x !0 - 1 4

Re+ o 0 5.4 x 10°14

1e +- i 1.0 x 0 13

Re+- % 5.3 x 1l - 14

The results given here cam b* ccpared with values which

have been uted in previous studies of iou teMeratures in the upper
acwsybere. In 4 recent paper Willsore (1964) has adopted values for

the helium and oxygen Ion rates the values 3.3 x 0• 1 and 3.6 x 1-1
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respectively. In comparing these rates with those listed in Table 2

it appears that Willmore's helium ion cooling rate, which is based I
upon the diffusion collision frequencies of Dalgarno (1961b), is too

low by a factor of 0.63 (see equation 10 and discussion). Likewise,

the oxygen ion energy transfsr rate is too large by a factor of 1.3.

2. Ion-Ion Collisions

The average momentum transfer cross section for two separate

ion gases, each having its own Maxwellian velocity distribution is,

Banks (1966),

2 2
U (Z Z2 e ) in A

1( 1
- 2 2 "I + kT2 12 13

where Z are the respective ion charges and the parameter A is given
1,2

by

A (14)
'-D1I2e

Here 6 is the average energy of relative motion between ions and
the plasma Debye I , is given by

-2 Zn
'D 4 e [f l kT (15)

1 2

Equation (13) can be evaluated numerically to give

-6,
4.4 x 10"6 In A 2

Q[ 1 ~J m (16)

using the previous notation.

. . . . • m .. -- m • mm( m~ • I
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Th6 average ion-ion energy transfer collision frequency

is, from equation (3),

A4 (Z1Z2e) 2 (n A

12 3 2 2 kT 1 2 ] 32

or#

-2 (Z1Z2)
2 In A 2

V1 2  " x 2  T -T2 8 )

To find the average collision frequency of a thermal ion in its own

gaa we let T- T2 - Ti and m ' 2 ' mi . Thus,

2 e4  n A

V-2 nl I I - Zi J,(19)

12 1 3 3/2 '

which is a actor of 4/3 larger than the ion collision frequency given

by Chapman (1961L) for total scattering effects.

The total rate of energy transfer between two ion species having

Namllian velocity distributions ts obtained from equation (1) by using

the average ion-ion energy transfer colt-ua frequency given by

etuation (17). Thus,

1 1 41 n2 e k(T1  ) in A

ors
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dU1  2.18 x 10- n1 n2 (T - T2) in A - -1

dt _ T+2 3 evcm sec

A 1 zA',A2  (21)

which agrees with the result Longuire (1963). Thus, the concept of

binary collisions permits the exact description of the ion-ion energy

transfer rate under the condition that each species has its own

Maxwellian velocity distribution.

At this point it is n~w possible to make a comparison of the

elastic and resonant ion-neutral energy transfer rates vith the calculated

ion-ion values. If we disregard the density and temperatvre differences

it is found from Tables 2 and 11 and equation (21) that the ion-ion rates

are generally larger by at leait a factor of 10 for ion temperatures

near 10000K. This would imply that the ion gases are more strongly

coupled to each other than to the neutral gases. However, for specific

problems involving the transfer of energy in dilute gases where the

different densities vary widely it is necessary to solve the heat balance

equations directly in order to evaluate the assumption of a single ion

temperature which is comon to all the ion species present.

III.- EESONNT ION-NEUTRAL COLLISIONS

1. Introduction

Charge exchange. exerts a significant influence upon the

momentum transfer cross section and is important for both Lhe problems

of ion energy transfer and diffusion. For this process, it is found

that although there is a transfer of an electric charge becween two

particles, each tends to retain its original kinetic energy. Thus,

even though the identity of the ion has changed, the reaction is still

fundsmentally elastic in preserving the total kinetic en-rgy. Charge
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exchange consequently becomee of particular importance to the ion

energy balance since it can provide a rapid means for energetic

ions to be transformed into energetic neutral particles. For many

of the possible atmospheric ion-net'-ral collision pairs, it is found

that the probability for charge exchange is much !urger than that

for the normal gas kinetic collisions. Therefore, while an original-

ly energetic ion could cool to the ambient gas temperature by means

of multiple elastic collisions, it can lose all of its excess energy

in a single charge exchange reaction.

Charge excrhange also plays an important part in enhancing

the magnitude of the momentum transfer cross section above those values

normally associated witk hiigh tampera:ure ion-neutral reactions. This

action arises from the conversion of very slightly glancing collisions

into what appear to be nearly direct impacts with a consequent back-

scattering. Under these circumstances there exists a relation between

the charge exchange, q,, and momentum transfer, qD' cross sections given

by Dalgarno (1958) as q = 2q . This relationship is valid only for

high temperatures where the ion-neutral polarization effects can be

neglectod,

An adequate introduction to the details of the quantum theory

of resonance charge exchange can be found in Bates (1962). In general,

au exact solution to the problem of determiring the charge exchange

cross section is not possible because of the uncertainties in the

form of the energy wave functions for all possible energy states of

two colliding particles. Therefore, it is necessary to resort to

experimental results to determine specific resonance charge exchange

cross sections.

i -.. . . .... _ . . .Y- -K .
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2. Resonance Cross Sections - Theory

Since we are interesed in both the charge exchange and

momentum transfer cross sentiots it must be noted that to determine

the full temperature variations of the momentum transfer cross sec-

tion it is not adequate to use the relation qD a 2q . For tempera-

tures below a transition region, generally in the neighborhood of

5000K, the momentum transfer cross section is determined largely

by the induced dipole polarization force between the ion and the

neutral atom. The appropriate cross section for this interaction

is given by equation (5) as

3/2( .8e2 1/2Q D 3 R 1.ni/2 (22)

8 (kri + kT) 1

For temperatures above the transition region. the polarization

contribution to QD diminishes rapidly and the effect of the charge

exchange enchancement of the momentum transfer crcss section becomes

dominant. This problem has been discussed by Gosh and Sharma (1964).

It has been shown by Dalgarno (1958) that the velocity., dependent

charge exchange cross section, q., can be expressed as

qE (A - 31ogOe:) 2  , (23)

for particle energies below 500 ev. Here A and B are constants

characteristic of a given gas and c is the kinetic energy of relative

motion, measured in electro, volts (ev). Using q = 2qE the high

temperature velocity dependent momentum transfer cross section can be

given as

q 2(A - l n C)2 (24)

-D-
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It is impqortant to note that the total cross section for

momentum transfer is not equal to the sum of the charge exchange and

polarization contributions. Because there exist mutual interaction

effects, the polarization potential and charge exchange action combine

to form a total cross section whose variation with temperature follows

closely the individual cross sections in their own regions of dominance.

In the transition region there 's a slight enchancement of the cross

section to values above those due to either polarization or charge

ex-hange, but this extends only uier a limited temperature range.

Thus, for temperatures above the transition region, qD is determined

exclusively, to within 1% (Knof, et al., 1964), by charge exchange,

while below this point the polarization forces are predominant. This

effect illustrated in Figure 1 for the specific example o N2+ - N2

collisions. Here the transi-ion region extends , in terms of

r - T i+ T n , from 2000 to 700K and is centered about the point r - 3400 K.

It is seen that for r"> 7500K there is essentially no contribu* on to

QD from the polarization.

In order to determine suitable temperature dependent average

charge exchange and momentum transfer cross sections, it is necessary

to average equations (23) ani (24) over the ion and neutral velocity

distributions. Thus,

QD m 2 Q " f ffn qD d3 V d3 V n  (25)

where qD is given by equation (24), f is the particle velocity distribu-
3.4

tion function, d v is a velocity space volume element, and the subscripts

refer to ions and neutrals, respectively.

The solution to equation (25) for conditions whore Ti- Tn

has been given by Mason and Vanderslice (1959) and Sheldon (1964).

For situations where the ions and neutrals have separate Maxwellian

distributions with T # T it has been possible to generalize these
l tn

results to obtain
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here A an i. apasured . i.- c f '-, -e "he :ien-:. z-.

ia the equation

, Sea-'z'-i-..-. a-sa
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q -
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with u the ion or neutral particle nasZ. a s :a mzer we Z-

tha average collision frequency for char ge ex=hange, v, as

- 4 '8k 1/2 1'2
VE = n I- (Ti+T) Q (29)

E 3 n\~ E

the factor of 4/3 appearing since we desire ti use this equation

in an energy transfer equaticn wnich is analogous to equation (1), the

mass factor being omitted. From equations (28) and (29), t e have

VE V R (30)

for the temperature regime where polarization effects are negligible.

3. Resonance Ion-Neutral Energy Transfer

The derivation of the energy transfer rate of an ica gas under

resonance conditions requires the use of the ion continuity equation with

the charge exchange collision frequency, Thus, in the present section, Lhe

general equation of collisional energy loss doea not apply.

The energy loss rate of an ion gas follows from consideration

of the energy balance of ion production and loss, Thus,
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4cc :sz as ~ Per ~=i: vzlhme, mi is th C-harse Czh-age

ZC lisiz- :rei e-_u deff-iec eq-zaticzz (a). If we apply t'-he relaticzs

3. - 3= - ' 3k! v-/2, "-: a);p.y for gases vith Mazvellian

. iis~r- i, we ot:aiz

er 3 3

d: - 2 " E :- ),(Z

4 - .
dt3Txl13 -1 Tn)n ev CS sec (33)

To apply the preceding results to obtain accurate values for

the reaonance ion-neutral collision frequencies and energy transfer

rates it is necessary to know the charge exchange and momentum transfer

cross sections for each ion. Thus, in the following section an

analysis is made of the experimental and theoretical results for each

atmospheric ion in order to arrive at satisfactory values for QD and

These quantities are then used to obtain adequate expressions for the

appropriate collision frequencies and the ion energy loss rates.

4. Resonance Experimental Cross Sactions

A. Atomic Hydrogen

The charge exchange reaction H + H - H + H has been studied

extensivelv because of its theoretical simplicity. Dalgarno and

Yadev (1953) made accurate calculations using perturbed stationary

state wave functions. Dalgarno (1958), in calculating the mobility

of ions in parent gases, was able to reproduce essentially the same
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rtz'sa=,,-pr, Zt-MZ =e Xa lue i

c..-ze ch.arse exch e cr-ss seezixm at rv- -'7:- c- e .as. a ncjz

retebzTher (196D) fov=d their heoretica: . ize vlues

substantial agreawnt vith those of and !dev. Later, ex-

tensions were 3ade by Rapp and Francis (19&2;.

Experimental da-z s.ave been ob:ained 'y Fite, et al. (9.,)

by using bean techniques with ion ener-Sies as lo as 4 ev. T-e data

were later extended by Fite, et al. (1962) to a lcer limit of 20 ev,

giving cloge agreement with the previous results. The values of the
Li

various and theoretical measuremants are listed in Table 3.

ii

For the preseat purposes, the charge exchange cross section given

by Dalgarno and Yadev (1953) appears to represent the besi" compromise

between experiment and theory. Thus, using equation (26)

Table 3 Atomic Hydrogen Chaige Exchange

•  + +
H +H-H + H

1/2 B Log

~ -A-B~o 1 0! 1 8.  O8

Sourc A x 10 B x 10

Dalgarno (1958) 6.93 0.82

Gurnee and Magee 6.78 0.91
(1957)

Rapp and Francis 6.05 0.88
~(1962)

Fite, et al. (1962) 7.60 1.06

we obtain for the hydrogen ion charge exchange cross section

+ QE 12 -16 2QE: (H ) ( 10.2 0.82 Logl 1 ]2 x 10 cm ,(34)
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sere, asr :ze s ~~eq ,azi-=s. r .+ T

transZer crcss sectica. eqzzatio~s (235) and k=)' bhave b.zaxzained.

It is feand that the zemperature transitia point vhere the t-wo

as)Wtotic effects are equal lizz =ear r' -l102. Thus, for ='-e c-Ise

of atomic hydrogen, there is esse,,ntially to error involved in assuingS

thtat the charge exchange contribution to Q Dis dominant at all cco-

bined temperatures above 1001X

B. Atomnic Oxygen

The symmetrical charge exchange reaction 0e + 0 - 0 + 0+

has been studied 'y Dalgan (1958) using a semi-classical appro~-

ximation for the scattering phase shifts. Because there vas consi-

derable uncertainty in the approximation used to express the inter-

action energy of the ion and atom as a function of the radial sepa-

ration, accurac -ad only to within a factor of two.-

Knof, et al. (1964) havd made the most detailed study of the oxygen

problem by taking explic..t account of twelve possible electronic

states of the 0 2 pseudo-molecule. Their results are listed in~

Table 4, along with those of others authors.
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Lrperiment3fly. ..ztre is gccd agreete=: be:een e Ta'_-es -

Knoz et al. and thea Val-ats obtaixnd b'y Stet'_i:gS' e't- a* ~-4.

ratter resrults extend dom t,. 40 ev a=dn, a-czdig to mc:I. et al..,

tic avarAge i-ea-icra tli predicted me asred values is

=17 Therefore, the charge exehl=ge crcss eic of KX.of, e: &'.

v'l1 be used here.

Using equation (26) the average chiarge exchang-e zr-:.= sectic-

E I- ,.--,-!475 23

J The transition region betwepn polariZatioi and charge exchange

dominance li:r been investigated. Figure 2 shcws the moaenium transfer c:css

section and the extension of the as.ptotic polarization and c-.!rge exchanze
contributions. The transition is foxnd to take place near K 47,€.

It follows from figure 2 that the aaxivum error arising £rom the -is-

sion of the polarization effect is i at r 4700K and diminishes

rapidly a' higher temperatures. Thus, for the computation of the

momentum transfer cross section, it is possible .o segwent the true curve
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> 47n ex - lO.3 - 0.67_: 1 0c

1,66 !O 10"1

rl < 476 Q.06l CA (37)

C. Lt~mic itrogem

Two derivations of the mitrog n clarge transfer cross section

have b*= e .. 'Gurnee and Magee (1957) and tKnof, et &1 (1964) ohtai- e-d

the -presjion

q.0+) - 4.- 0.4 Log s ..2 10 o - 6 2 (38)

vhi.h is accepto for tb ;rzsent calculations.

The average charge exchenge cross section is, from equation (26),

+ 17.33 0.455 Log10 (39)

Applyig equations (22) and (26), it is possible to find

the asymptotic charge exhange and polarization contributions to QD"

However, because the atomic polarizability of atomic nitrogen is

only slightly larger than that for atomic oxygen and because the two

exchange cross sections are almost identical, it is not necessary to

present the data graphically. For atomic nitrogen it is found that

the transition temperature corresponds to 1'- 5500K and that the error
at this point in neglecting the polarization contribution is 10%. Thus,

for the present purposes, QD can be taken as

QD+ 0-16r o > 5500K - [10.3 -og.6 L 10 r ] x 10 cm
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Like atomic hyro%-n, helium bAs beemi the opject ,.f iz~te2nsive

z oetia and experimental sm-ndy. A paper by lapp and Trancis (1-96)

;mwmrixes the r--sz1zs of 21 experiza-its v-. #4 ehoretical srzdie3.

[Tablae 5 Hli= C!:arge Sx~hage

+ + R+

e a a a

q E 0n~L~ 310

SourceAx10a 3x08

Cramer and Simmns (1957) 5.25 0.74

Dalgarno (1958) 5.39 0.62

Rapp and Francis (1962) ~ '51 0.68

Gurnee and Magee (1957) 5.02 0.64

Hasted (1951) 5.14 0.55

Chanin and Biondi (1957) 4.93 0.82

Dalgarno (1958) calculated both ion mbiit~y and charge

transfer cross sectione and compared them with the experimental 12-

bility data of Chanin and Biondi (1957). Agreement was found to be

within 20% at the higher temperatures. Rapp and Francis (1962) applied

an empirical two state model which gives good accord with the experi-

mental data for energies above 200 ev. Cramer and Simons (1957) were

able to measure the charge exchange cross section at energien drwn

to 16 ev. These data agree well with the earlier results of Hasted (1951)

and Dillon, et al (1955). The corrospondence is vary good between the

various authors with a spread of 15% at 10000K. if the results of Rapp

and Francis are disregarded. The data of Cramer and Siumns listed in

Table 5 are used here as representing the charge exchange cross section.
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The a-erage zha-ecross sect-.=_ for heli May

be takan as

Q (Ko~ - [s.i - .7% Log "
10  x 06 2 CA

For the nt transfer crosr &ectic it i: s fo~d that tlhe trazsitic-

tsrat"t re lies h*ln r - ziOOmK and vir-Mally no erzt=: is inolved

n3lecti =.e rizatcn effect. Ccnse;uen.ly, we take

Q" ) i .$ I. Lon, r. z 10 cm (4:2)

3. Molecular Ox-ye=

+ +Forthe reActio- + 0 -. 0 + C, there appear to be =o

2 2 2 -
theoretically deriN-ed values for the zharge exnh.=ge crass section.

Howiver, several zolecular heaa experiments have been conducted -gith

energies below 100 ev giving results which c-n be extrapolated to

thermal energies.

Gosh and Sherid.a (1957) obtained cross section data for isn

energies belcw 100 ev which agree well with the later ueasurements &f

Stebbings, et al. j1963). The earlier work of Potter (1954) does

not appear to be accurat. in comparison, since the cross -ections given

are a factor of two less than the above authors. Amme and Utter-

j back (1964) repeated the experiment of Stebbings, et al. while making

a close determination of the dependence of the cross sectionts upon

the degree of icnic excitation. At high electron impact energies

there was a significant aecrease in the charge transfer zross section, I.
indicating that the resonance behavior was eatily destroyed by s all energy

defects between the excited ions and the neutral gas. Table 6 summarizes

the various results.

. -- _ . . . . - - , '" . . .. . -- - ,, - - - ,, , . .. , , - - - -. .- . . . . . . . .... .. '.. . . . . . -
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Fcrc :ae lese: akcu!a:ions :he data of A--e and

::erck i-~964) are accevte-. T7.- charge exchazge cross section

is

(0 -"I5 5.4 log 2ix1 m(3

The relative imqort-ce of tit, polarization and charge ex-
a "f--t- in deter~ini.-g can be seez in Figure 3 where the

transiticn

Table 6 .Molecular O.ygn Charge Sxchang=

4.+
0 +0 -02 + 0

2 2 2 2
1/2

q A - A Log1 0 c

Source A x 10  B X 38

Stebbings, et al. (1963) 5.32 0.65

Ame and Utterback (1964) 5.37 0.54

Potter (1954) 3.82 0.36

temperature is 1600 0K. This relatively high temperature appears to

be a conseqnence of the 3ma1l charge exchange cross secrion for no-

lecular oxygen. The maximm error associated with the neglect of the

polarization effect at the transition temperature is 10%. Thus, we

may approximate the momentum transfer cross section by

r > 16000K QD (0 ) - [10.6 - 0.765 Log r12 x 1016 C2
102 10

(44)

2.7 x 10-13 2

r < 16000 K Q(O2) - 1/2 cm2.
p
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F. Iibec.ILr Nitroge=

Taezrarical eltta for charge e~cre.ange in 0 have bemen given
2

by G-,-rnee and Magee (1957) and are listed in Table 7.

Table 7 Holecul1ar Nitroen Charge Exchange

N +N N N + N+
2 2 2 2

1/2
R mA ?Log 1 0 C

8 8
Source A xl0O xl10

Axe and Utterback (1964) 7.36 0.68

Stebbings, et al. (1963) 6.18 0.43

Gurnee and Magee (1957) 8.28 0.58

Potter (1954) 6.05 1.26

A numsber of experimental studies have been conducted, but

the problem of ionic excitation has beent responsible for inconsistent

values. Stebbings, et al. (1963) have made extensive measurements of

the charge transfer cross section and have analyzei many ot the pre-

vious experimental studies in an effort to determine the sources of

error. Amuue and Uttarback (1964) have recently been able to show that

the work of Stebbings, et al. leads to cross sections which are too

low as a consequence of excited molecular ions which are able to des-

troy the resonance behavior of the charge exchange process. They

repeated the experiment using lowi energy electrons to produce the ni-

trogen ions found a considerable increase in the charge exchange cross

section.

Using the results of Amu and IUtterback (1964) ,the charge

exchange cross section at thersal energies is taken as
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Q + [10.1 - 0.68 logl1 r]2 X 20 Cm (45)

The behavior of the wgentum transfer cross section is show n

in Fig-are 1 where a transition temperature of P - 3400K is indicated.

The maxium error involved in neglecting polarization is found to

bo 9% at this point. Accepting this uncertainty, t.e momentum transfer

cross section is

r > 340OK QD(N+) - [14.2 - 0.92 Log lp] 2 x 10- 1 6 cm2 (46)

5. Resonance Ion-Neutral Collision Frequencies

With the derivation of the appropriate cress sections

equations (28) and (29) can now be uved to find the charge exchange

a-, momentum transfer collision frequencies. The fermer are of direct

importance to the problem of resonance ion-neutral energy transfer while

the latter can be applied to the study of ion diffusion. The results

for the charge exchange collision frequencies of the atmospheric ions

are listel in Table 8. In order to compare the various values it is

conve-aient to adopt the approximation that P - 30000K in the logarithm.

This process leads to errors of less than 10% for 1200 < P < 40000K.

Table 9 lists these reduced charge exchange collision frequencies and

shcws that there is an order of magnitude difference between the extre-

=a values.

Table 8 Average Ion-Neutral Charge Exchange Collision Frequencies

Suecies VE (sec " )

+ -13 1/2 12
H, H 9.5 x 10 "  n(H) r [14.4 - 1.15 Log 0 r]

+ 0 2.3 x 10 - 13 n(O) r 1 / 2 [10.5 - 0.61 Log p] 2

0+ - 13 1/2 1
N+ N 2.6 x 10 n(N) p [10.3 - 0.64 Log 1 0 p]

+ - 13 1/2 10 12
He, He 4.4.,x 10"1 n(He) rl/ L11.6-1.4olo"]

CZ, 02 1.7 x 0-1 n(0 2 ) [10.6 - 0.76 Loo r

+ -13 1,1/2 [12
N, N2 1.8 x 10- n(N)p [14.2 - 0.96 Log1 P]
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Table 9 Reduced Charge Exchange Collision Frequencies

Lg10 r a Log10 (30000K)

Species V E (sec)

H+ - H 1.6 x OI n(HI r/2

+ - 11 1/2
0+ - 0 2.1 x 10 n(o) p

N+ - N 2.3 x 10
- I1 n(N) pl/2

He+ - He 4.4 x 10
"II1n(He) r1/2

0+ 0 1.5 x 10 l/2
2 2 2.x1
N -N 11 1/2N2 - N2  2.9 x 10-1 n(N2)p/

2 2 2.x1

The resonance ion neutral collision frequencies for momentum

transfer have been obtained and are listed indiaible 10. For values of P

below the transition temperature it has been assumed that only the polari-

zation effect is present. Hence, a givRn gas can be characterized by two

different functional forms for VR' These results indicate significant

ditferences exist between the different ious but that for atoms with

similar electronic structures, such as 0 and K, nearly the same values

are found.

Table 10 Average Ion-Neutral Resonance Momentum Transfer Collision

Frequencies

Species V (secl)
H+, H P < 1O0 K 1.9 X 10"12 n(H)PI1 /2 (14.4-1.15 Logl10 ) 2

0+ , 0 P > 4700K 4.7 x 10 13 n(r /2 (10.5-0.67 Logier)

r < 4700K 8.0 x 10 n()

+ -13 1/2 2
N , N r > 55001' 5.2 x 10 n(N)P/2 (10.3-0.64 Log 10r)

r < 5500K 1.0 x 10- n(N)

He+ He P > IOO1 K 8.7 x O 13n(He)P11 /2 (11.6-1.04 Log 1P)2
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Species VR (secl

+ -13 1/2 2

02' 02 r > 1600K 3.4 x 10 n(02)r (10.6 - 0.76 Log o)

P < 16000K 9.1 x 10 n(02)

N+ P 4* 13 1/ lr2
N2, N2  r > 340K 3.6 x 10 n(N2) 1r " (14.2 - 0.96 LogOt)

6. Resonance Ion-Neutral Energy Transfer

The charge exchange collis.on frequencies given in Table 8 have

been used to derive the ion energy loss rates listed in Table 11. A

simplification has again been made, however, by noting that the colli-

sion cross sections for resonance charge exchange vary only slightly

for the normal range of ionospheric ion and neutral temperatures.

Thus, the average value P - 30000K has been chosen for the logarithmic

Table 11 Resonance Ion-Neutral Energy Transfer Rates

(ev c m sec -

H dUi -14 1/2'
d-- 1.4 x 10 n(H ) n('d)(Ti+ T) (Ti- T)

0 dt
015 + 1/2

d"_'- - 2.1 x 10 n(O ) n(O)(Ti+ T) (Ti- T)
! N dUi  1

N ~ l 15 + 1/2
__d " " 2.1 x 10 n(N+ ) n(N)(T + T) (T 'i)
dti

He dU-

2 -14 -115 + 1/2

d 4.0 x n(He) n(He)(Ti+ T) (Ti- T)

2 d -t 1 .4 x 1 1 0+ a( T + T / T T

N dUl
2 __ -15 +(s 1/2

dt 7.7 x 17 n(N 2 n(N2)(T1+ T) (T T)
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These results can be compared with values adopted in several

studies of charged particle temperatures. Hanson (1963) has used an

oxygen ion energy loss rate of

dU(0 + O) -3 --
dt -1.82 x 10 1 7 n(0) n(O)(T- T) ev cm sec 1

dtin
(47)

based upon the collision frequencies of Dalgu,.ao (1961b). Analysis

of this equation indicates that it was derived for a temperature of

3C0 0K and, further, that it was based upon the mdmentum transfer

cross section rather than the charge exchange cross section. How-

ever, because Dalgarno's momentum transfer cross section is too large

by a factor of 2.7 - 3.0 (Knof, et al. 1964), the final result is

larger t1, n the present value by the factors 2.2 - 1.4 over the tem-

perature ri ige 1600 j < 360001K.

Another calculation of the oxygen ion cooling rate has been

made by Dalgarno (1%i). He finds

dUi 0oO0) .14 +-3 -0
in" 4.47 x 10 n(O) n(O (T T) ev cm sec

(48)

Comparing this equation ith that obtained from Table 11, it is seen

that the present energy Lransfer rate is larger by the factor

4.7xO- 2 p1/ 2 which, for temperatures in the range 16000 < r < 36000K,

varies between l.9 2.8,

Willmore (1964) has calculated the effect of helium reso-

nance charge exchange upon the cooling of helium ions. His result is

dU (Hf+ He) -3 -1
dt - - 1.19 x 10 13 n(He ) n(He)(T - T) ev cm sec

(49)



34.-

From Table 11, the corresponding eqsaion from the present data is
-2

larger than equation (49) by the factor 3.4 x 10 r. For te=era-

tures between 1600 0K < r < 36000 K, this factor varies betwein 1.4 and

2.0. At bigher teperatures an increasing divergence till be noted.

Further calculations of resonance ion-neutral energy trans-

fer rates are not known to have been made.

IV.- SIMiay

The primary purpose of this paper has been to present a

consistent developmaent of the problems of ion energy transfer and

collision frequencies. Knowledge of these factors is needed for

any detailed study of the thermal behavior of ions in a dilute, par-

tially ionized plasma. In the first section emphasis was placed

upon iVm-neutral and ion-ion collisions where resonance charge

exchange is not an important factor. Using a general equation of

energy transfer, adequate expressions for collision frequencies and

energy transfer rateswere obtained. For ion-neutral collisions it

was necessary to use a momentum transfer cross section appropriate

J>to an ion-neutralpolarizattn interaction. Thus, while the present

results are probbly accurate for temperatures below 3000K, the true

behavicr at high temperatures must remain in doubt until adequate

experimental studies have been madt,

The ion-ion collision frequency and energy transfer rate have

been computed directly from the coulomb potential# Inder conditions of

equivalent particle densities the ion-ion energy transfer rate is found

to be an order of magnitude larger than the listed ion-neutral rates.

The problem of resonance collisions between an ion and its

parent neutral particle has been discussed. Appropriate equations have
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been ceveoped for the ther al nonequilibrium collision frequencies
for both charge exchange and mmentum transfer. It was shown that

ion energy transfer rates for charge exchange must dominate at tem-

peratures above the polarization-charge exchange transition region.

For all of the ions, with the exception of 02, there is little error

involved in ignoring the polarization contribution to QD in the

atrosphere.

In general, both the nonresonant and resonant ion-neutral

energy transfer rates show only a small dependence upon tht gas

temperatures. The resonance behavior leads to rates which are

somewhat larger than those found for elastic collisions.

Since the ion-neutral energy transfer rates are generally

much larger than electron-neutral and, in a similar fashion, electron-

ion energy transfer is much slower than ion-ion energy exchange, for

an external source giving heat to electrons in a weakly ionized plas-

ma there will be a complex set o: relations needed to arrive at

equilibrium values of the electron, ion and neutral gas temperatures.
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